Abstract. In the Eskişehir Basin, western Turkey, oil shale occurs in alterna-
Introduction
Turkey hosts 1.6 billion tonnes of oil shale reserves. Some of the most important oil shale deposits are located in Beypazarı (Ankara), Seyitömer (Kütahya), Himmetoğlu and Hatıldağ (Bolu), Gölpazarı (Bilecik), Ulukuşla (Niğde), Burhaniye (Balıkesir), Beydili (Ankara), Dodurga (Çorum) and Bahçecik (İzmit) regions. Geologic characteristics, organic and trace element geochemistry, chemical and thermal properties and economic value of the oil shales from these areas have been investigated in several studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
In addition to the above-mentioned fields, an oil shale deposit was discovered during coal exploration initiated by the General Directorate of Mineral Research and Exploration (MTA) in 2008 in the Eskişehir Basin, western Turkey. In this basin, 350 boreholes were drilled for coal exploration and reserve improvement and about 1.5 billion tonnes of sub-bituminous coal and about 1 billion tonnes of oil shale reserve were discovered. The thickness of oil shale is between 5 and 60 m with an average of 20-30 m. Oil shale encountered in the basin is thin-layered and laminated, and light brown, gray and blackish in color.
In this contribution, the organic geochemical characteristics, thermal maturity, depositional environment and conditions as well as source rock potential of the oil shale discovered in the Eskişehir Basin are investigated.
Geological setting
The study area is located in the Eskişehir graben east of Eskişehir in western Anatolia, Turkey (Fig. 1 ). Regional geological work was first carried out by Siyako et al. [12] , Gözler et al. [13] and Şengüler [16] , followed by coal and oil shale studies by other researchers [14] [15] . The basement of the region is composed of Paleozoic metamorphosed rocks and Mesozoic ophiolites. The metamorphic rocks are in tectonic contact with ophiolitic units in the northern part of the basin [13] . The metamorphic rocks consist of schist and marbles and ophiolitic mélange represented by radiolarite-bearing limestone, mudstone, serpentinite, diabase, limestone and gabbro.
The basement rocks are unconformably overlain by Miocene deposits which are developed in three different facies: m1, m2 and m3 series (Fig. 2) . The m1 series at the base of the Miocene sequence is composed mainly of sandstone and claystone. Pebbles of conglomerate have been derived from the basement rocks of various types. The upper portion of the m1 series is a red, yellowish grey, gray, light gray but mostly brownish red thick to very thick bedded sandstone-claystone sequence [12] . This sequence is overlain by the m2 series which is, from bottom to top, composed of alternating, partly pebbly green claystone, coal, gray sandstone, dark gray-green siltstone, oil shale, claystone, coal and green claystonesandstone fine-grained conglomerate. The sequence is mostly green and Fig. 1 . Geological map of the Eskişehir Basin (simplified from [16] ) and study area. Explanations: 1 -Paleozoic-Mesozoic (metamorphic and ophiolitic rocks); 2 -Eocene (sandstone, claystone, conglomerate); 3 -Miocene (conglomerate, claystone, gravel); 4 -Miocene (claystone, sandstone, lignite, oil shale); 5 -Miocene (sandstone, limestone, conglomerate); 6 -basalt; 7 -Pliocene (clayey limestone); 8 -Quaternary (alluvium); 9 -fault; 10 -drilling location. Fig. 2 . Generalised columnar section of the Eskişehir Basin (from [16] ). yellow in color and partly multicolored. The lower levels of thin-bedded claystone and marls are reddish and purplish and change to green to the top. Yellow parts are generally the upper levels of claystone and marls. Very thin bedded limestone bands occur between marls and clays. North of Sevinç-Ağapinar coal and oil shale are found at depths between 250 and 450 m. In deeper parts of the basin the thickness of the m2 series is 350-600 m; however, in the study area its thickness reaches 400 m [16] . The upper parts of the Miocene sequence comprise the m3 series, which consists of limestone and conglomerate. Limestone is pale white and gray in color and occurs as lenses. In the study area, this unit has a thickness of 30-40 m.
Palynological analysis of the samples collected from the lower and upper levels of coal zones show that the coal and oil shale-bearing unit (m2) was deposited in the Lower-Middle Miocene. The amount of various forest trees and swamp-freshwater plants is high whilst river-side and open field plants are in low quantity. Bortyococcus ovoidites forms detected in the unit are in support of freshwater conditions. Palynological data indicate that the coal and oil shale-bearing unit in the Eskişehir graben was deposited under wet and hot conditions [17] .
Pliocene deposits in the basin are composed of pale, light brown claystone and loosely compacted conglomerate. Conglomerate levels in the m3 series contain pebbles of all units older than conglomerate itself. This unit has a thickness of 15-25 m. Quaternary alluvium, modern deposits and slope wash unconformably cover all the underlying deposits.
Material and methods
In the current study, boreholes 37 (Fig. 3) .
Pyrolysis and TOC analyses were performed for 14, 15 and 16 samples selected respectively from boreholes 37, 52 and 53 drilled in the Eskişehir Basin. From borehole 37, one coal sample, one coaliferous claystone sample and 12 oil shale samples were taken. Two coal and 13 oil shale samples were collected from borehole 52. From borehole 53, three were coal samples and 13 oil shale samples (Tables 1, 2 and 3) .
Rock-Eval pyrolysis and TOC analyses of all the samples were made using a Rock-Eval 6 instrument equipped with a TOC module. The samples were heated from 300 °C (hold time 3 min) to 650 °C at 25 °C/min. The crushed rock was heated from 400 °C (hold time 3 min) to 850 °C (hold time 5 min) at 25 °C/min for oxidation. Following Rock-Eval, TOC analysis, gas chromatographic (GC) (bulk extract) and gas chromatographic-mass spectrometric (GC-MS) (saturated hydrocarbons sterane and terpane) analyses of extracts obtained from three samples (37-9, 52-12, 53-9) were conducted.
The C 15+ soluble organic matter (SOM) was isolated following Soxhlet extraction (40 hr) of the powdered rock with dichloromethane (CH 2 Cl 2 ). Whole rock extracts were analysed using a Varian 3400 gas chromatograph equipped with flame photometric (FPD) and flame ionisation detectors (FID). The oil shale extracts were deasphaltened using n-pentane and fractionated by thin-layer chromatography (MK-Iatroscan). n-Hexane, toluene and methanol were used for separation of extracts into saturated hydrocarbons, aromatic hydrocarbons and NSO fractions, respectively. GC-MS analyses of saturated fractions were performed using an Agilent 5975C quadrupole mass spectrometer coupled to a 7890A gas chromatograph and a 7683B automatic liquid sampler. The gas chromatograph was equipped with an HP-1MS fused silica capillary column of 60 m length, 0.25 mm i.d. and 0.25 µm film thickness. Helium was used as the carrier gas. The oven temperature was programmed from 50 ºC (hold time 10 min) to 200 ºC (hold time 15 min) at 10 ºC/min, to 250 ºC (hold time 24 min) at 5 ºC/min and then to 280 ºC (hold time 24 min) at 2 ºC/min. Finally, the oven temperature was increased to 290 ºC (hold time 40 min) at 1 ºC/min. The mass spectrometer was operated in EI mode at an ionisation energy of 70 eV and a source temperature of 300 ºC. The biomarker contents were determined using single ion recording at m/z 191 (190.7-191.7) for terpanes and tricyclic triterpanes, and at m/z 217 (216.7-217.7) for steranes and rearranged steranes. Compounds were identified by their retention time and elution order matching.
Results

TOC and pyrolysis analyses
Pyrolysis and TOC values of oil shale and coal samples from boreholes 37, 52 and 53 are given in Tables 1, 2 and 3 . TOC values of oil shale samples from boreholes 37, 52 and 53 are 6.39-37.15% wt., 6.32-20.22% wt. and 6.87-14.46% wt., respectively (Tables 1, 2 and 3; Fig. 4a ). The oil shale samples from these boreholes have very low S 1 (0.35-2.78 mg HC/g rock) and very high S 2 (34.60-158.25 mg HC/g rock) values as it is common for oil shale. In general, the Eskişehir oil shale is characterised by high to very high HI (392-777 mg HC/g rock) (Fig. 4b ) and low OI (13-92 mg CO 2 /g TOC) values (Tables 1, 2 Almost all oil shale samples with high HI values are plotted in Type II kerogen area which is close to Type I kerogen area, and only a few samples are found within the Type I kerogen field. Coal and claystone samples are within the Type II-Type III kerogen field (Figs. 5a-b) . All the oil shale samples with high S 2 and TOC values show excellent source rock characteristics (Fig. 6) . Fig. 5 . Plots of (a) T max versus HI (plot after [46] ) and (b) OI versus HI (plot after [47] ) for oil shale samples from the Eskişehir Basin. 
Molecular compounds
n-Alkanes and isoprenoids
On the gas chromatograms of oil shale samples, n-alkanes are more abundant than isoprenoids (Fig. 7) . Pr/n-C 17 and Ph/n-C 18 ratios are very low (Table 4) . n-Alkanes are more dominant than neighboring isoprenoids and only in one sample Pr is slightly more predominant than n-C 17 . For all oil shale samples phytane (Ph) is more dominant than pristane (Pr) and Pr/Ph ratios are between 0.17 and 0.96 ( Fig. 7; Table 4 ). On the gas chromatograms oil shale samples show high peaks in the biomarker area (Fig. 7) .
Steranes and terpanes
On m/z 217 mass chromatograms pregnanes were recorded in all the oil shale samples. These compounds are quite abundant in one sample from borehole 37, low in one sample from borehole 52 and moderately abundant in one sample from borehole 53 (Fig. 8 ). Diasteranes were recorded in low quantities in three oil shale samples. The diasterane/sterane ratio was calculated to be very low (0.42-0.14) ( Table 5 ). For all the oil shale samples n-steranes are more abundant than iso-and diasteranes. 20S/(20S + 20R) and ββ/(ββ + αα) C 29 sterane ratios were computed to be very low (0.46-0.18 and 0.14-0.04, respectively) ( Table 5) .
On m/z 191 mass chromatograms C 19 -C 29 tricyclic terpanes were recorded in very low abundance and in this range C 23 is the dominant tricyclic terpane (Fig. 9 ). Contrary to low-numbered tricyclic terpanes, C 30 tricyclic terpane (S + R) was measured in high concentrations, being In all the oil shale samples the homomoretane abundance is quite high, whilst that of homohopanes is low. Only the C 31 homohopane abundance is slightly higher and high-numbered homohopanes are either present in trace amounts or their existence was never recorded (Fig. 9 ). 22R homohopanes are more abundant than 22S epimers and the 22S/(22S + 22R) homohopane ratio of oil shale samples is very low (Table 6) . Table 6 . Biomarker composition based on m/z 191 mass chromatograms and calculated parameters for oil shale samples from the Eskişehir Basin 
Discussion
The TOC content of oil shale in the Eskişehir Basin is high to very high (Tables 1, 2 [17] indicates that the oil shale and coal were deposited in a freshwater swamp and lacustrine environment when the climate was predominantly humid and hot. On the m/z 191 mass chromatograms of oil shale samples, gammacerane, which is indicative of salinity [18] [19] [20] [21] [22] , is practically absent, implying that the environment was of a freshwater type.
Low sterane concentrations and low regular sterane/hopane ratio suggest terrigenous or microbial reworked organic matter [23] . According to Moldowan et al. [24] , the sterane/hopane ratio in oils derived from nonmarine sources is lower than that of marine sources. In the oil shale samples from all the boreholes, both the sterane abundance and sterane/hopane ratio are very low (0.08-0.20) (Fig. 8 ; Table 5 ). On the m/z 191 mass chromatograms of oil shale samples, no oleanane was recorded, which also supports terrigenous organic matter input [25] [26] [27] [28] [29] [30] (Fig. 9) . Typically, C 27 sterane is a major component in lacustrine source rock or oils [19] . Indeed, C 27 is dominant in the oil shale samples from boreholes 37 and 53 whilst C 28 sterane is prevailing in those from borehole 52. On the other hand, C 29 sterane which also reflects terrigenous organic matter input [19] was recorded in low quantities in all samples (Table 5) . Moreover, the low tricyclic terpane abundance (except for C 30 ), and low (C 19 + C 20 )/C 23 tricyclic terpane ratio show that terrigenous organic matter is almost absent ( Fig. 9 ; Table 6 ). For all the samples C 30 tricyclic terpane (S + R) was recorded in a surprisingly high abundance and is the most prevailing component as revealed on the m/z 191 mass chromatogram. Ourisson et al. [31] state that tricyclic terpanes were derived from prokaryotic membranes. In addition, high tricyclic terpane concentrations are indicative of algae in tasmanite-rich rocks deposited at high paleo-latitudes [32] [33] [34] . The unusually high C 30 tricyclic terpane concentrations in the Eskişehir oil shale which was deposited in a lacustrine environment might be related to a high algal contribution to organic matter. In the shale Şengüler et al. [17] found Bortyococcus ovoidites forms which are indicative of a freshwater environment and in this respect, C 30 tricyclic terpane abundance may have been derived from these algae.
Contrary to our expectations, the investigated oil shale samples show high C 29 /C 30 hopane and C 31 R homohopane/C 30 hopane ratios ( Fig. 9 ; Table 6 ). The high C 29 /C 30 hopane ratio is suggested to be an indicator of carbonate presence, being especially characteristic of carbonate-rich rocks and oils [22, 35, 36] . Considering that oil shale has very low carbonate content, the high value of this ratio is confusing. The C 31 R homohopane/C 30 hopane ratio is also used to discriminate between the lacustrine and marine environments and its value < 0.25 is suggested to be typical of lacustrine deposits [22] . Although geological data indicate that the Eskişehir oil shale was deposited in the lacustrine environment, this ratio is quite high (1.69-2.45), which is in conflict with geological interpretation (Table 6) .
Ts/(Ts + Tm) and diasterane/sterane ratios are affected by both maturity and lithology of source rock. It was shown that these two parameters are increased with increasing maturity [20, 19, 36] . Furthermore, the ratio of these two biomarkers tends to be higher in clay-rich source rocks and oils derived from these rocks in comparison with that in carbonate units [19, 20, 36] . Although oil shale has a high clay content, these two ratios are found to be very low in it (Table 6 ). Low Ts/(Ts+Tm) and diasterane/sterane ratios in oil shale are in contradiction with its lithology but are consistent with its low maturity level.
T max values of oil shale samples from boreholes 37, 52 and 53 are between 421 and 435 o C, indicating that the rock is immature and did not enter into the oil window. Very low PI values of oil shale (0.01-0.05) also demonstrate its low maturity level and the very low rate of transformation of kerogen to hydrocarbon. On the gas chromatograms of oil shale samples from boreholes 37, 52 and 53, peaks with high concentrations particularly in the biomarker area are indicative of an immature character of organic matter [19] . 20S/(20S + 20R) and ββ/(ββ + αα) sterane and 22S/(22S + 22R) homohopane ratios are used for analyzing the maturity of oil and source rock [19, 20, 36, 37] . The 22S/(22S + 22R) homohopane ratio of about 0.60 attains equilibrium at the beginning of the oil window [36] . 20S/(20S + 20R) and ββ/(ββ + αα) sterane ratios of 0.55 and 0.70, respectively, attain equilibrium after a maturity level at which oil generation is maximum [37] . Very low 20S/(20S + 20R) and ββ/(ββ + αα) sterane (for C 29 ) and 22S/(22S + 22R) homohopane (for C 32 ) ratios of oil shale indicate that it has not reached oil generation maturity. The moretane/hopane ratio is decreased with increasing maturity and it is an indicator of immature-early oil generation stages for oil and source rocks [22, 36, [38] [39] [40] . This ratio was computed to be very high for oil shale samples (0.52-1.28), implying an immature source rock. It has been suggested in several studies that C 29 Ts is more stable to maturity in comparison with C 29 norhopane and the C 29 Ts/(C 29 Ts + C 29 H) ratio is increased with increasing maturity [41] [42] [43] [44] [45] . For oil shale samples this ratio is very low (0-0.35). Pyrolysis and biomarker data about oil shale samples from the study-area boreholes show that the shale levels cut in these boreholes are generally of similar maturity.
Conclusions
The very high values of TOC (6.32-37.15% wt.), PY (S 1 + S 2 ) (35.50-159.32 mg HC/g rock) and Hydrogen Index (392-777 mg HC/g TOC) of the Eskişehir Basin oil shale show its excellent source rock characteristics and high hydrocarbon generation potential. Oil shale samples with dominantly Type II and, to a lesser extent, Type I kerogen are characterised by organic matter with oil generation potential.
The extremely low Pr/Ph ratio implies that lacustrine shale was deposited under anoxic conditions. Based on biomarker data, the Eskişehir oil shale is characterized chiefly by algal and bacterial organic matter with scarce terrigenous organic matter input.
The very low T max and Production Index values of oil shale samples reflect immature organic matter content. Biomarker data also indicate that oil shale contains organic matter with low maturity level (immature). Results of TOC and pyrolysis analysis and biomarker data imply that although the Eskişehir oil shale has a high hydrocarbon potential and oil generation capacity, it has not experienced any hydrocarbon generation due to not having attained sufficient burial and thermal maturity.
